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Description
BACKGROUND

[0001] A number of existing product and simulation systems are offered on the market for the design and simulation
of parts, e.g., real-world objects, or assemblies of parts. Such systems typically employ computer aided design (CAD)
and computer aided engineering (CAE) programs. These systems allow a user to construct, manipulate, and simulate
complex three-dimensional models of objects or assemblies of objects. These CAD and CAE systems provide a model
representation of objects ("modeled objects" herein) using edges or lines, in certain cases with faces. Lines, edges,
faces, or polygons may be represented in various manners, e.g. non-uniform rational basis-splines (NURBS).

[0002] These CAD systems manage parts or assemblies of parts of modeled objects, which are mainly specifications
of geometry. In particular, CAD files contain specifications, from which geometry is generated. From geometry, a three-
dimensional CAD model or model representation is generated. Specifications, geometries, and CAD models/represen-
tations may be storedin a single CAD file or multiple CAD files. CAD systems include graphic tools for visually representing
the modeled objects as represented in 3-dimensional space to designers; these tools are dedicated to the display of
complex real-world objects. For example, an assembly may contain thousands of parts. A CAD system can be used to
manage three-dimensional models of real-world objects, which are stored in electronic files.

[0003] The advent of CAD and CAE systems allows for a wide range of representation possibilities, such as mesh-
based models, for objects. CAD models are typically approximated by mesh-based models to enable discrete numerical
computation. Thus, mesh-based models may approximate, e.g., represent, one or more parts or an entire assembly.
An example mesh-based model is a finite element mesh, which is a system of points called nodes that are interconnected
to make a grid, referred to as a mesh. Mesh-based models may be programmed in such a way that the mesh-based
model has the properties (e.g., physical, material, or other physics-based) of the underlying real-world object or objects
that the mesh-based model represents. Example properties include stiffness (ratio of force to displacement), plasticity
(irreversible strain), and viscosity (resistance to flow of one layer over an adjacent layer), amongst others. When a finite
element mesh or other such mesh-based model as is known in the art, is programmed in such a way, it may be used to
perform simulations of the real-world object that the model represents. For example, a mesh-based model may be used
to represent the interior cavity of a vehicle, the acoustic fluid surrounding a structure, or any number of real-world objects.
Moreover, CAD and CAE systems, along with mesh-based models, can be utilized to simulate engineering systems,
such as real-world physical systems, e.g., cars, planes, buildings, and bridges, amongst other examples. Further, CAE
systems can be employed to simulate any variety and combination of behaviors of these physics based systems, such
as noise and vibration.

SUMMARY

[0004] Embodiments of the invention generally relate to the field of computer programs and systems and specifically
to the field of product design and simulation. As described above, computer-aided systems exist for simulating real-
world physical objects, and more particularly simulating physics-based characteristics of the objects. However, these
existing systems can benefit from processes that improve speed and efficiency. Improving the speed and efficiency of
simulation functionality improves real-world object design and, likewise, improves real-world objects that are manufac-
tured based upon these improved designs. Embodiments of the present invention provide such functionality.

[0005] One such example embodiment provides a computer-implemented method for performing a computer-based
simulation of a real-world object. In particular, the method begins by obtaining a mesh-based model representing a real-
world object. The mesh-based model is composed of a plurality of mesh elements each having geometric properties.
To continue, the method performs a simulation of the physical behavior (physics based characteristics) of the real-world
object using the mesh-based model. Performing the simulation includes modifying, i.e., correcting, as a function of the
mesh geometric properties, material properties (measurements or amounts thereof) used to determine the physical
behavior for at least one mesh element of the plurality of mesh elements of the model. In other words, according to an
embodiment, measurements (i.e., amounts or levels) of material properties of a mesh element are changed based upon
geometric properties of the mesh element to correct errors/inaccuracies in the simulation. According to an embodiment,
the modification of the material properties corrects for discretization errors that result from discretizing the model of the
real-world object, i.e., representing the real-world object using a mesh-based model.

[0006] From the results or using the results of the performed simulation, the method automatically identifies a design
change of the real-world object. The method may also include automatically modifying the mesh-based model of the
real-world object to correspond to the identified design change. Another embodiment may iterate: (i) performing the
simulation, (ii) identifying the design change, and (iii) modifying the model to correspond with the design change, until
an optimized design of the real-world object is determined. In this way, embodiments may automatically generate im-
proved designs of real-world objects.
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[0007] The mesh-based model employed in embodiments may be any such mesh-based model known in the art. For
instance, in an embodiment, the mesh-based modelis: a finite element model, a finite volume model, or a finite difference
method model. Similarly, the simulation performed in embodiments may be any such computer-based simulation known
in the art, such as a finite element simulation, finite volume simulation or finite difference simulation.

[0008] Embodiments may be used to compute physical behavior or physics based behavior of the real-world object
in any variety of domains. For instance, in an embodiment, performing the simulation includes computing physical
behavior in at least one of: a fluid domain, a structure domain, and an electromagnetic domain. Likewise, embodiments
may be used to simulate any real-world objects. According to an embodiment, the real-world object is an automobile, a
vehicle, an airplane, a boat, a water vessel, a jet-engine, a building, a civil engineering structure, a reservoir, or a human.
Examples for which embodiments may be used to simulate are as varied as the virtual earthquake testing of a pre-
construction model Beijing Olympic stadium, or the virtual testing of a clinical procedure of inserting a model of a medical
device into a model of the human heart. In another embodiment, the real-world object is a thin wall metal shell. Yet
another embodiment simulates car batteries, i.e., cells, represented by mesh based models comprising volume elements.
[0009] According to an example embodiment, modifying the material properties (measurements thereof) as a function
of the mesh geometric properties, e.g., geometric properties of mesh elements, includes modifying a data curve (which
represents an analytical relationship) dictating physical behavior given the geometric properties of the mesh. In an
embodiment, the physical behavior (material properties) is plastic compression and metal folding, and the data curve is
a stress-strain curve formed by empirical data or from a very fine mesh based model, e.g., a representative elementary
volume (RVE) finite element model. In one such example embodiment, in performing the simulation, the stress-strain
curve (data values thereof) is modified for periods of time in which the real-world object is undergoing the plastic com-
pression behavior, and the stress-strain curve is not modified for periods of time in which the real-world object is not
undergoing the plastic compression behavior. In another embodiment, the modified stress-strain curve (data values
thereof) is applied to shell elements of the mesh-based model when performing the simulation.

[0010] Another embodiment determines the modifications used in modifying the material properties (measurements
and corresponding data curve) as a function of the geometric properties of the mesh. Such an example embodiment
first, performs a plurality of simulations using a plurality of mesh-based models with varying geometric properties and
second, identifies the material property modifications using a machine learning analysis of results from the plurality of
simulations.

[0011] According to an embodiment, the mesh geometric properties include at least one of a shell thickness and a
mesh metric. Example mesh metrics include a vertex size, a mesh edge size, a mesh face size, a mesh polygon size,
mesh aspect ratios, and a mesh surface size, amongst other examples.

[0012] In another embodiment, the real-world object is subject to fluid flow. In such an embodiment, performing the
simulation may determine behavior of the real-world object while subject to the fluid flow. Further in yet another embod-
iment, modifying the material properties (measurement values oramounts) as a function of the mesh geometric properties
includes modifying a value dictating material property/physical behavior given the geometric properties. According to
an embodiment, the physical behavior is fluid flow and the value dictating material property/physical behavior given the
mesh geometric properties is viscosity.

[0013] Another embodimentis directed to a system for performing a computer-based simulation. The system includes
aprocessorand amemory with computer code instructions stored thereon that cause the system to perform the simulation
as described herein. In an example embodiment, the system is configured to obtain a mesh-based model representing
a real-world object, where the mesh-based model is composed of a plurality of mesh elements each having geometric
properties. Using the mesh-based model, the system performs a simulation of physical behavior of the real-world object
which includes, for at least one mesh element of the plurality, modifying, as a function of the mesh geometric properties,
material properties (measurements or amounts thereof) used to determine the physical behavior (physics-based char-
acteristics).

[0014] Another embodiment of the present invention is directed to a cloud computing implementation for performing
a computer-based simulation. Such an embodiment is directed to a computer program product executed by a server in
communication across a network with one or more clients, where the computer program product comprises a computer
readable medium. In such an embodiment, the computer readable medium comprises program instructions which, when
executed by a processor, causes the processor to obtain a mesh-based model representing a real-world object, where
the mesh-based model is composed of a plurality of mesh elements each having geometric properties. Further, the
executed computer program product (program instructions thereon) causes the server to perform a simulation of physical
behavior of the real-world object using the mesh-based model, which includes, for at least one mesh element of the
plurality, modifying, as a function of the mesh geometric properties, material properties (measurements or amounts
thereof) used to determine the physical behavior (physics-based characteristics).
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BRIEF DESCRIPTION OF THE DRAWINGS

[0015] The foregoing will be apparent from the following more particular description of example embodiments, as
illustrated in the accompanying drawings in which like reference characters refer to the same parts throughout the
different views. The drawings are not necessarily to scale, emphasis instead being placed uponiillustrating embodiments.

FIG. 1is a block diagram of an engineering design optimization method in which embodiments may be implemented.
FIG. 2Ais a diagram illustrating accuracy of simulations performed with existing methods.

FIG. 2B depicts results of applying a force on real-world objects that may be simulated using computer-based
simulation techniques.

FIG. 3 is a flowchart of a method for simulating a real-world object according to an embodiment.

FIG. 4 is a diagram illustrating a relationship between physical behavior (physics-based characteristics) and geo-
metric properties of mesh elements that may be employed in embodiments.

FIG. 5 is a plot comparing simulation results of an embodiment with simulation results from an existing method and
depicting models used to obtain the results.

FIG. 6 depicts a plot comparing simulation results obtained using an embodiment with simulation results generated
using an existing methodology and depicts models of a vehicle used in the simulations.

FIG. 7 illustrates models of real-world world objects and physical behavior determined by performing simulations
using the models.

FIG. 8A depicts a mesh-based model that may be simulated using embodiments.

FIG. 8B compares models and simulation results generated using the model depicted in FIG. 8 A and a model similar
to the model in FIG. 8A, but with varied geometric properties.

FIG. 9 depicts an implementation for correcting material properties according to an embodiment.

FIG. 10is a flow diagram for determining corrections to material properties that may be implemented in embodiments.
FIG. 11 is an example dataset used in a machine learning method, such as the method depicted in FIG. 10, and
results from such a machine learning method.

FIG. 12 is a simplified block diagram of a computer system for performing a computer-based simulation according
to an embodiment.

FIG. 13 is a simplified diagram of a computer network environment in which an embodiment of the present invention
may be implemented.

DETAILED DESCRIPTION

[0016] A description of example embodiments follows.

[0017] The teachings of all patents, published applications, and references cited herein are incorporated by reference
in their entirety.

[0018] As described above, existing computer-based simulation methods can benefit from functionality to improve
speed and efficiency while still maintaining the accuracy of the simulations. Currently, computer-based simulation of
real-world objects is generally performed using mesh-based models. These mesh-based models represent a real-world
object using a system of points called nodes which are interconnected to make a grid, referred to as a mesh. As such,
the real-world object is represented in a discretized form. Discretizing the real-world object to perform computer-based
simulations introduces errors. Estimates of the mesh discretization error can be obtained by techniques such as Rich-
ardson extrapolation. For numerical techniques, i.e., mesh-based simulation methods, error correction is implemented
by increasing the mesh refinement, i.e., utilizing models with a finer mesh. However, employing finer mesh-based models
increases the processing time required to perform the simulations, often leading to prohibitive simulation costs.

[0019] Forinstance, FIG. 1illustrates a multi-discipline optimization simulation 100 where the simulation is prohibitively
time consuming. The simulation 100 utilizes a mesh based model 101 of a car to perform a crash simulation 102, stiffness
simulation 103, and noise, vibration, and harshness (NVH) simulation 104 in parallel. A model 105 of the car chassis is
also used in a ride and handling simulation 106 that is performed in parallel with the simulations 102, 103, and 104. In
the optimization simulation 100, the stiffness simulation 103 is solved in approximately 10 minutes, the NVH simulation
104 is solved in approximately 20 minutes, and the ride and handling simulation is solved in approximately 5 minutes.
In contrast, the crash simulation 102 takes approximately 4 hours to be solved.

[0020] "Optimizing High Fidelity Crash & Safety Simulation Performance," available at https://www.cray.com/sites/de-
fault/files/Altair-Cray-RADIOSS-Crash-Safety.pdf (hereinafter Altair-Cray), describes another example of a prohibitively
time consuming and computationally expensive simulation. This existing Altair-Cray simulation methodology uses 1024
core processors for 6 hours to simulate a 100 millisecond impact of a sedan. Such a simulation is very expensive in
terms of both computational resources (1024 core processors) and clock time (6+ hours). Moreover, a typical crash
simulation requires a mesh size of 2 mm (each individual mesh element, such as a triangulation, represents a 2 mm by
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2 mm area of the real-world object) to capture the metal folding behavior and this leads to a model with millions of
simulation elements. The computational resource and time costs of such a methodology make the methodology prohib-
itively expensive for many applications, such as the concept design simulation 100 depicted in FIG. 1. Embodiments
described herein solve this problem and provide methods and systems for simulating real-world objects with greatly
reduced computational time.

[0021] Benchmark testing results for the Altair-Cray simulation methodology described in "Optimizing High Fidelity
Crash & Safety Simulation Performance," available at https://www.cray.com/sites/default/files/Altair-Cray-RADIOSS-
Crash-Safety.pdf show the elapsed time to simulate 2 ms of a crash versus the number of processing nodes (core
processors) used to perform the simulation. The Altair-Cray results show that even where 512 nodes (core processors)
are used, simulating 2 ms of the crash takes 227 seconds of total processing/computation time. Further, it is noted that
an entire crash is approximately 100 ms to 200 ms and thus, using an existing simulation method (the Altair-Cray
methodology), even with 512 nodes (core processors), requires approximately 11,350 seconds to 22,700 seconds (3.15
hours to 6.3 hours) to simulate the entire crash.

[0022] One factor contributing to the long processing time required by the existing Altair-Cray method is the size of
the mesh-based model used, 2 mm. In existing methods, typical mesh size ranges from 2 mm to 5 mm. However, other
benchmarking studies, such as Marzbanrad et al., "A Numerical and experimental study on the crash behavior of the
extruded aluminum crash box with elastic support,” Latin American Journal of Solids and Structures, 11, pages 1329-1348
(2014), have confirmed that 2 mm mesh sizes are required for accurate modeling and this is consistent with industry
processes. Further, simply increasing mesh size speeds up the simulation but, at the unacceptable cost of accuracy.
Embodiments solve this problem and provide functionality that allows simulations to be performed with larger mesh base
models, so as to reduce computing time, while not sacrificing accuracy of the simulation.

[0023] Hamza et al., "Design Optimization Of Vehicle Structures For Crashworthiness Using Equivalent Mechanism
Approximations," ASME Design Engineering Technical Conferences and Computers and Information in Engineering
Conference (Sept. 2003), and others, have tried to reduce the computational expense of simulating real-world objects
by creating equivalent crash mechanisms out of beams. However, these attempts are problematic because (i) the model
can only bend at revolute joints, (ii) large deformation errors are introduced, and (iii) it is difficult to go from the equivalent
design to the detailed design. As such, the Hamza approach and its variants are not good solutions for speeding up
computer-based simulations.

[0024] FIG. 2A illustrates accuracy, in the plot 220, of simulations performed with existing methods. The plot 220
shows crash load 221 versus displacement 222. Crash load 221 is axial force experienced in the tube (the object being
simulated) and displacement 222 refers to the axial displacement. The multiplication of a crash load 221 value (amount)
and displacement 222 value (amount) defines the amount of energy absorbed in a crash. The lines 223 and 224 show
numerical results of a simulation performed using an existing method and the lines 225 and 226 show experimental
results from a crash experiment performed by applying a load to pieces of metal (the tubes 227 and 228 depicted in
FIG. 2B).

[0025] FIG. 2B depicts real-world experimental results used to create the lines 225 and 226 shown in the plot 220. In
the experiment, a force was applied to the thin walled metal tubes 227 and 228 and the resulting bending and folding
in the thin walled metal tubes 227 and 228 was measured to obtain the crash results. The plot 220 shows that 2 mm
mesh size is needed to obtain numerical simulation results 223 and 224 that are sufficiently similar to the real-world
experimental results 225 and 226 that were observed when performing the aforementioned experiment with thin walled
metal tubes 227 and 228. The 2 mm mesh size is needed for the mesh to capture the curvature of the real-world folding
in order to get an accurate simulation result. This is problematic because, as described above, simulations performed
with 2 mm size mesh-based models can be prohibitively computationally expensive. Furthermore, increasing mesh size
introduces discretization errors that degrade accuracy. Embodiments provide a solution to these problems.

[0026] FIG. 3isa flowchartofamethod 330 for performing a computer-based simulation of a real-world object according
to an embodiment. The method 330 may be computer implemented and performed via any combination of hardware
and software as is known in the art. For example, the method 330 may be implemented via one or more processors with
associated memory storing computer code instructions that cause the processor to implement steps of the method 330.
The method 330 provides improved functionality for simulating real-world objects. For example, the method 330 is
computationally far less expensive when compared to existing methods.

[0027] The method 330 begins at step 331 by a digital processor obtaining a mesh-based model representing a real-
world object. The mesh-based model obtained at step 331 is composed of a plurality of mesh elements each having
geometric properties. Because the method 330 is computer implemented, the mesh-based model may be obtained at
step 331 from any point, e.g., computing or storage device, capable of communicating with the computing device im-
plementing the method 330.

[0028] To continue, at step 332, a simulation of physical behavior (physics-based characteristics) of the real-world
objectis performed using the mesh-based model. A processor performs the simulation at step 332 and includes modifying,
as a function of the mesh geometric properties, measurements of material properties used to determine the physical
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behavior for at least one mesh element of the plurality of mesh elements. In other words, according to an embodiment,
the processor at step 442 modifies amounts or levels of a subject material property of a mesh element based upon
geometric properties of the mesh element so as to account for errors/inaccuracies in the simulation. In an embodiment,
the mesh elements are the individual elements made of nodes and edges that form a mesh based model.

[0029] In the case of the thin walled tubes 227 and 228 of FIG. 2B, the mesh elements are roughly square and model
the thickness to a set of virtual integration points. As the mesh elements increase in size, a larger force is required to
perform the increased internal mesh element plastic deformation representing the folds. In an embodiment, this increased
force is accounted for by reducing material plastic stiffness a priori. For instance, in an embodiment, the modifying in
step 332 uses a determined relationship between a mesh geometric property and a material property to modify the
material property measurement values (amounts) during the simulation without a priori knowledge of the correct solution,
i.e., without knowledge of the expected result of the physics-based behavior being determined.

[0030] An embodiment determines this relationship by performing multiple simulations and performing a machine
learning analysis on the results of these simulations to (1) determine how changes in geometric properties of the mesh
effect the simulation results and (2) determine changes in measurements or amounts of subject material properties that
can be made in the simulation to obtain the same simulation results regardless of the geometric properties of the mesh-
based model. Then, in performing the simulation at step 442, these changes to material property values (measurements
or amounts) are used to obtain acceptable simulation results even where mesh geometric properties are changed.
Further details regarding determining relationship(s) used in embodiments are described hereinbelow.

[0031] To illustrate step 332, consider an example where the mesh-based model represents a car, and the mesh-
based model and individual elements of the mesh-based model are programmed to have physical or material properties
of the car they represent. In this simplified example, a given mesh element is programmed to have a material property,
the plastic yield strength of steel, and the geometric property of the mesh element is its size. Given this set-up, when
simulating physical behavior of the modeled car, such as a collision (compression) at step 332, the measurement values
of the subject material property (the plastic yield strength) are modified based upon the size of the mesh element.
[0032] Modifying the measurements/amounts of the material properties of interest of a mesh element as a function of
mesh geometric properties allows the method 330 to simulate a real-world object more efficiently and more quickly than
existing methods. For instance, because material property measurements or amounts are modified as a function of
mesh geometric properties, geometric properties of the mesh-based model can be used that allow the simulation to be
performed more quickly while not sacrificing accuracy.

[0033] Returning to the aforementioned car example, if, for instance, a mesh size of 2 mm is needed to accurately
simulate physics-based behavior of the car, a simulation of physical behavior of the car may be computationally too
costly to perform. However, by changing the mesh size geometric property to, for example, 25 mm, the simulation can
be performed more quickly. However, increasing the mesh size to be able to quickly perform the simulation introduces
discretization errors that are unacceptable. Embodiments, such as the method 330, solve this discretization error problem
by accounting for a geometric property, e.g., mesh size, by changing measurement values (amounts) of a material
property, e.g., yield strength of steel. In this way, embodiments can obtain the same or similar simulation results as
predecessor methods but more quickly and without sacrificing accuracy. Thus, embodiments greatly reduce the com-
puting time needed to simulate a real-world object.

[0034] The mesh-based model employed in the method 330 may be any such mesh-based model known in the art.
For instance, in an embodiment, the mesh-based model is: a finite element model, a finite volume model, or a finite
difference method model. Similarly, the simulation performed at step 332 may be any such computer-based simulation
known in the art, such as a finite element simulation. Further, the simulation may be performed at step 332 according
to known principles, with the exception of modifying material property measurements as a function of mesh geometric
properties. Moreover, the mesh geometric properties may include any geometric properties known in the art, such as
shell thickness or a mesh metric. Examples of mesh metrics include vertex size, mesh area, mesh skewedness, and
mesh aspect ratio, amongst other examples.

[0035] The method 330 may be used to compute physical behavior of the real-world object in any variety of domains.
For instance, performing the simulation at step 332 includes computing physical (physics-based) behavior in at least
one of: a fluid domain, a structure domain, and an electromagnetic domain. Further, the method 330 can be used to
simulate any real-world objects known in the art, such as automobiles, airplanes, boats, jet-engines, buildings, civil
engineering structures, reservoirs, humans, or a thin wall metal shell.

[0036] Accordingto an embodiment of the method 330, modifying the measurements (amounts) of material properties
as a function of the mesh geometric properties in step 332 includes modifying a data curve dictating material (physical)
behavior given the geometric properties. In an example embodiment of the method 330, the physical behavior and
material properties are plastic compression and metal folding, and the data curve is a stress-strain curve. In one such
example embodiment, in performing the simulation, the data point values on the stress-strain curve are modified for
periods of time in which the real-world object is undergoing the plastic behavior, e.g., plastic compression and/or plastic
tensile behavior, and the stress-strain curve is not modified for periods of time in which the real-world object is not
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undergoing the plastic behavior. In another embodiment, the modified stress-strain curve (data values thereof) is applied
to shell elements of the mesh-based model when performing the simulation depending on when the element is experi-
encing the plastic phenomena. These physics-based phenomena are extremely short in duration as the compression
waves travel and reflect through the body of the object being simulated at a speed of miles per second. In response to
threshold compression waves, the body of the object folds. As the folding happens, energy is being absorbed. As such,
embodiments may modify measurement values (amounts) of the material properties at times or during time periods
when simulating such physics-based behavior, i.e., folding/energy absorption phenomena, for which modification is
needed.

[0037] Itis noted thatin embodiments of the method 330, regardless of the physical behavior and material properties,
the simulation performed at step 332 may only modify the material properties (measurement values thereof) when
needed, such as when, amongst other examples, an error occurs with a particular behavior type. The type of physical
behavior and timing for when correction is needed may be determined in an embodiment and/or may be based on a
pre-determined relationship, i.e., a relationship determined using the method described hereinbelow with reference to
FIG. 10. For example, in an embodiment, the modification applied at step 332 follows a data curve and the point on the
curve (the state/modification to be applied at a moment in time) is determined by the physical phenomena calculation
over time. For instance, in an embodiment, a curve, e.g., the curve 907 in FIG. 9, defines the correction and the point
on the curve to use, i.e., the correction to be applied, is determined by the physical calculation for every element as a
function of the amount of plastic deformation for every time step. In an embodiment, the correction can be looked-up
from results of the method of FIG. 10. Further, when to correct may be determined automatically or may be set by a
user. For example, in an embodiment, when to correct may be determined automatically for each mesh element based
on material properties of the mesh element, which may be set by a user.

[0038] As noted above, in an embodiment of the method 330, the modifying in step 332 uses a determined relationship
between the mesh geometric property and the material property to modify the material property during the simulation.
An embodiment of the method 330 determines this relationship. For instance, an embodiment performs a plurality of
simulations using a plurality of mesh-based models having varying geometric properties and identifies material property
modifications using a machine learning analysis of results from the plurality of simulations.

[0039] In an embodiment of the method 330, the real-world object is subject to fluid flow. Further in yet another
embodiment, modifying the material properties as a function of the mesh geometric properties includes modifying a
value dictating material (physical) behavior given the geometric properties. In such an example embodiment, the physical
behavior is fluid flow and the value dictating material behavior given the geometric properties is viscosity.

[0040] From the results or using the results of the simulation from step 332, another embodiment of the method 330
automatically identifies a design change of the real-world object based on results of the performed simulation. This
design change may be identified by identifying a point of failure, for example, a failure due to excessive plastic deformation.
Based upon an identified point of failure, changes to the object’s geometry may be identified and implemented to prevent
this failure from occurring. Changes may include modifications to the global structural layout (geometry including shell
thickness) in order to reduce excessive deformation without increasing acceleration of forces on the object or contents
of the object, e.g., occupants. Such an embodiment may also include automatically modifying the mesh-based model
or a geometry model (for instance, by changing the shell thicknesses) on which the mesh-based model of the real-world
object is based, to correspond to the identified design change. Further still, an embodiment of the method 330 may
iterate performing the simulation at step 332, identifying the design change, and modifying the model to correspond with
the design change until an optimized design of the real-world object is determined. In this way, such an embodiment
automatically generates an improved design of the real-world object.

[0041] Hereinbelow, example embodiments and results are described in relation to a car collision. However, it is noted
that embodiments are not so limited and the methods and systems described herein may be used to simulate any variety
of real-world objects undergoing any variety of behavior.

[0042] As described above, current methods for resolving physical behavior of a real-world object, such as metal
plastic folding, require small mesh sizes. In the example of automatic crash safety, such mesh sizes are generally
associated with (or otherwise correspond to) the thicknesses of sheet metal material (1 mm to 6 mm). Using such small
mesh sizes results in large models that take many hours to simulate. As such, these existing methods cannot be used
for numerous applications, such as conceptual layout of cars. Efforts have been made to create equivalent beam struc-
tures to model the objects, but such approaches do not accurately resolve the physics, particularly not at the locations
where there are shell joints. These existing solutions are also problematic because there is no one-to-one relationship
between the beam elements and the complex shell layout. A complex geometry shell fails due to the plastic wrinkling
or folding of the shell while the beam deforms at its node points (like the stick figure). This is problematic because there
is no direct geometric mapping between a stick figure model and a shell model.

[0043] Embodiments of the present invention solve these problems. For instance, an embodiment of the present
invention may change the plastic deformation physics during an explicit simulation for thin walled shell elements (1-7mm)
when in the plastic (compression) folding state. Such an implementation of an embodiment corrects the material property
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(plastic deformation) for the mesh element when determining the physics-based behavior (compression) of the mesh
element. In such an embodiment, the plastic compression stress-strain material curve is modified as a function of strain,
thickness of the shell, and the mesh size. In this way, the material property measurements or point values as represented
by a graphed curve (plastic compression stress-strain curve) are changed as a function of mesh geometric properties
(thickness of the shell and mesh size). In such an embodiment, this allows mesh-based models to be used that are far
larger, approximately 15-40 mm, than the meshes currently needed (2-5 mm) to simulate a crash. It is noted that max
mesh size, e.g., 40 mm, may be a function of the simulation being performed or the object being simulated and, thus,
other embodiments may use larger meshes than 40 mm. Through such an implementation, the accuracy in terms of
deformations and accelerations for the 25 mm corrected coarse mesh is similar to a 5 mm uncorrected mesh and the
speedup is approximately 25x or better. In this way, embodiments solve the problem of accurately and quickly performing
computer-based simulations and greatly reduce computing time to perform such simulations.

[0044] FIG. 4 is a diagram illustrating a relationship between physical behavior (physics-based characteristics) and
geometric properties of mesh elements that may be employed in embodiments. FIG. 4 includes the plot 440 which shows
the material stress o 451 versus strain € 449 curvature for shell thickness 1 mm and various mesh element sizes, and
the plot 441 which shows the value of correction "dip" 446 in the material stress versus a function F of material thickness
t 445, element size m 450, and mesh resolution 452. The mesh resolution 452 is determined by the number of elements
across the component geometry in the crash direction. The thickness 445, element size 450, and mesh resolution 452
are known after meshing and before the solving starts. Embodiments can use these corrections in performing a simulation.
The physical behavior-mesh geometries relationship (and thus percent correct 444) depicted in FIG. 4 holds for variations
in the geometry and variations in the type of material, as well as variations in the impact loads and boundary conditions.
For example, for a given shell thickness t, mesh size m, and mesh resolution (number of elements in the direction of
crash) a embodiment can determine a ratio of plastic yield stress at the dip 447 as compared to the nominal value of
the yield stress 448.

[0045] The corrections shown in the plot 441 can be employed to modify measurement values of material properties,
e.g., plastic deformation physics, of mesh elements during a simulation when in the plastic (compression) folding state.
In such an embodiment, the plastic compression stress-strain material curve (data points thereof) is corrected as a
function of strain, thickness of the shell, and the mesh size. In such an example implementation, the correction is applied
to shell elements in explicit simulations. This allows the simulation to be performed using meshes that are far larger (25
mm) than the meshes currently needed (2-5 mm) to simulate crash behavior. By allowing larger mesh sizes to be used,
embodiment greatly reduce computing time for performing computer base simulations of real-world objects without
comprising accuracy of the simulations.

[0046] In an embodiment, the physical behavior-mesh geometries relationship depicted in FIG. 4 is determined using
design of experiments, i.e., a systematic method to determine the relationship between factors on the basis of many
numerical simulations, and machine learning with dimensional reduction to simplify the relationship between the factors.
Such an embodiment performs multiple simulations using mesh-based models with varying mesh geometric properties.
In turn, a machine learning analysis is performed on the results of these simulations to determine the relationships
between material properties and mesh geometric properties, and the determined relationships are used to determine
the corrections. Further details regarding determining the corrections and the machine learning analysis are described
hereinbelow in relation to FIGs. 10-11.

[0047] FIG. 5shows a plot 550 comparing simulation results 551 produced according to an embodiment of the present
invention with simulation results 552 produced using an existing simulation methodology. The plot 550 shows displace-
ment simulation results 553 versus the size of the mesh 554 used to determine the displacement simulation results 553.
The results 551 and 552 were generated using the mesh based models 555a (2 mm mesh), 555b (5 mm mesh), 555¢
(15 mm mesh) and 555d (25 mm mesh). The plot 550 shows that when mesh size is small (using the mesh of model
555a) the simulation results (551) generated using an embodiment and the results (552) generated using an existing
method are similar. However, as mesh size increases, discretization error increases and the results 551 generated using
an embodiment and the results 552 generated using the existing method diverge. In the plot 550, the results 551 and
552 diverge as early as at the 3 mm mesh size and the divergence is substantial by a mesh size of 5 mm (model 555b).
The plot 550 shows that by modifying material properties as a function of mesh geometric properties according to the
principles described herein, embodiments correct for the discretization error introduced by using larger meshes. The
plot 550 also shows the uncertainty range 556 which is determined by variations in experimental results for identical
conditions. Results better than this uncertainty range 556 are likely not significant. As such, embodiments can determine
simulation results more quickly without compromising simulation accuracy in terms of forces experienced, energy ab-
sorbed, and overall deformations. It is noted that in an embodiment, the detailed fold geometry may not converge to a
steady state. This is likely a result of simulating complex physical phenomena. For design purposes, however, the
detailed shape of the folds is secondary to the prediction of forces and displacements.

[0048] FIG. 6is a plot 660 comparing simulation results generated using an embodiment of the present invention with
simulation results generated using an existing methodology. The plot 660 shows acceleration 661 versus displacement
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662 of a steel tube frontal car crash zone during a frontal wall collision. It is noted that the description below only references
the steel tube construction mesh. FIG. 6 also shows the electro motor, drive train, and frontal wheels, of the models 666
and 665, which do not deform in the impact. The results 664 in the plot 660 were generated using a conventional 5 mm
mesh-based model 665 without modifying the material properties (measurement values thereof). The results 663 were
generated using principles described herein, i.e., modifying material property measurements (amounts or levels) as a
function of mesh geometric properties, for a 25 mm mesh model 666. The plot 660 shows that the results 663 and 664
are similar while the results 663 were generated using a model 666 with much larger mesh elements. As such, the plot
660 shows that embodiments correct for discretization errors and allow simulations to be performed more efficiently than
existing methods. As shown in FIG. 6, by employing the functionality described herein, the computational time for
performing the simulation was reduced from 4100 CPU seconds (the results 664) to 147 CPU seconds (the results 663).
As such, embodiments are suitable for numerous applications, such as interactive design. The plot 660 also shows the
results 667, which are what the results for the model 666 would have been without the discretization error corrections.
Here the simulation would have generated a result indicating that the car would hit the wall with 50% higher force and
30% less deformation. Based on these results 667, the simulation would have generated a result where the car would
bounce off the wall instead of absorbing the impact. As such the effects of the present method are quite substantial.
[0049] FIG. 7 illustrates simulation results 770 generated using the model 775 and simulation results 772 generated
using the model 776. Here model 775 is the same pre-impact model as the model 665 described hereinabove in relation
to FIG. 6, and model 776 is the same model as the model 666 described hereinabove in relation to FIG. 6. There is no
change except the type of impact is changed to partial overlap, which means the car hitting a corner of a wall instead
of the frontal wall is being simulated. The results 770 were generated using the model 775 which has 5 mm size mesh
elements and the simulation was performed using an existing simulation method known in the art. The results 770
generated using the model 775 took 70 minutes to determine. In contrast, the results 772 were generated using the
model 776 which has 25 mm size mesh elements and the simulation was performed using principles of embodiments
of the present invention described herein, e.g., the method 330. The results 772 generated using the model 776 and a
method that modifies measurement levels of material properties as a function of mesh size were determined in 4 minutes.
Further, it can be seen in the plots 770 and 772 that the simulation results of the energy absorption as a function of time
were very similar while the simulation results 772 were generated significantly faster than the results 770.

[0050] FIG. 8A shows two views 800a and 800b of the model 801 of a complex automotive S-beam and shock tower
with overlapping riveted shells hit by a mass of 500kg at 35mph. Such S-beam constructions are notoriously difficult to
simulate due to their instable collapse modes.

[0051] Fig 8B compares simulation results generated using the model 801 and a corrected coarse mesh model 802.
The model 801 has 5 mm mesh elements while the model 802 has 25 mm mesh elements with a priori modifications to
material properties as described herein. The plot 811 shows the acceleration of the mass as it hits the front of the beam
for the uncorrected 5 mm model 801, whereas the plot 812 shows acceleration of the mass as it hits the front of the
beam for the corrected 25 mm model 802. The plot 822 shows the axial deformation of the s-beam for the uncorrected
5 mm model 801, whereas the plot 823 shows the axial deformation of the s-beam for the corrected 25 mm model 802.
All results 811, 812, 822, and 823 are substantially similar and thus, the results showing that embodiments can correct
discretization errors irrespective of detailed geometry, assembly method, and types of materials.

[0052] There are multiple ways to implement embodiments of the present invention so as to perform simulations where
material properties used to determine physical behavior of a real-world object are modified (level adjusted) as a function
of mesh geometric properties. One such way to implement this functionality is to leverage existing mechanisms in
simulation solvers, e.g., Abaqus FEA, to introduce material softening using the stress-strain curve as a function of the
element size, thickness, and stress state (tension vs compression).

[0053] FIG. 9 shows in the plots 906 and 907 how the material behavior plastic stress strain curve of stress 901 versus
strain 902 is changed for nominal, i.e., uncorrected, (906) versus corrected (907) to implement modifications of material
property levels according to an embodiment. The uncorrected 906 material behavior is represented in the FEA model
as a table 908. The corrected 907 material curve is represented in the FEA model as a table 909. The specific shape
of the stress 901 versus plastic strain 902 depends on the mesh geometry, the nominal (e.g. unchanged) material
properties table, the geometric thickness, and the number of mesh elements in the direction of the behavior being
simulated, e.g., crash, for a given n-component geometry. Embodiments of the present invention may be implemented
by modifying the material curves 906 to material curve 907 as depicted in FIG. 9.

[0054] Another way to implement embodiments is using an explicit user subroutine. Normally FEA codes do not
distinguish between compression or tension for isentropic materials. An embodiment modifies the FEA source code
using a subroutine, e.g., VUSFLD (an explicit Abaqus subroutine field). In such an embodiment, the subroutine computes
the field value, e.g., the value 903, so as to modify the material property measurement value or level by using a modified
curve during the simulation. The curve can spring back from compression to tension in a fraction of a millisecond during
a simulation, e.g., automotive crash. Another embodiment can further enhance the subroutine by automatically modifying
the curve, e.g., the stress versus plastic strain curve, as a function of tension and compression, for each mesh element
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example of the field subroutine VUSFLD is below.
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subroutine vusdfld{

only -
nblock, nstatev, nfieldv, nprops, ndir, nshr,
jElemUid, kIntPt, klLayer, kSecPt,
stepTime, totalTime, dt, cmname,
coordiMp, direct, T, charlength, props,
statelld,

e only -
stateMew, field }

include ‘vaba_param.inc’

dimension jElemUid{nblock), coordMp{nblock,*)},
direct{nblock,3,3}, T{nblock,3,3},
charlength{nblock), props{nprops),
statefld{nblock,nstatev),
stateMew{nblock,nstatev},
field{nblock,nfieldy)

character*sd cmname

Local arrays from vgetvrm are dimensioned to
maximum block size {maxblk)

parameter{ nrData=6 )
character®3 cData(maxbli*nrData)
dimension rData{maxblk®*nrData), jData{maxblk*nrData}

j5tatus = 1
call wgetvrm{ '5', rData, jDats, chData, jStatus }

if{ jstatus .ne. & )} then
call xplb_abgerr(-2, "Utility routine VGETVWRM failed *//
‘to get varisble.’,8,zerc,’ '}
call xplb exit
end if

call setField{ nblock, nmstatew, nfieldv, nrDats,
rlata, statelld, statelew, field,ndir,nshr)

jStatus = 1
call vgetvem{ "PEEQ’, rDats, jDats, cData, jStatus )

if{ j5tatus .ne. & } then
call xplb _abgerr{-2, 'Utility routine WGETWRM failed *//
*to get wvariable.’,8,zerc,’ ')
call xplb exit
end if

call splitPEEQ{ nblock, nstatev, nfieldwv, nrData,
rbata, statelld, stateMew, field)

return
end
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I
subroutine setfield{ nblock, nstatev, nfieldw, nrData,
= stress, statelld, stateNew, field,ndir,nshr }
s
include "wvaba_param.inc’
C
dimension stateOld{nblock,nstatev), stateNew{nblock,nstatev),
*  field{nblock,nfieldv}, stress{nblock,nrData)
c
data pc, pt /1.de, -1.de/
c
do k = 1, nblock
c
[ Compute pressure stress from stress tensor
[
press_value = 8.d@
do kk = 1,ndir
press_value = press_wvalue + stress{k,kk)
enddo
press_value = -press_value/3.d@
C
¢ Assign field variable based on value of pressure stress
s
Tield{k,1} = press_value
if{press_value.lt.pt)field(k,1) = pt
if{press_walue.gt.pc)field(k,1) = pc
c
statebew(k,1) = field{k,1}
endda
I
return
end
I
subroutine splitPEEQ( nblock, nstatev, nfieldv, nrData,
® rbData, statelld, statelew, field }
s
include “waba_param.inc’
c
dimension stateOld{nblock,nstatev), stateNew{nblock,nstatev),
*  field{nblock,nfieldv}, rData{nblock,nrData}
<
do k = 1, nblock
fieldold = state0ld{k,1)
peeqlld = stateDld(k,2)
peeghew = rDatalk,1)
dpeeq = peegiew - peeq0lld
stateNew{k,3) = state0ld{k,3)
stateMew{k,4) = state0ld(k,4)
statelew(k,5) = state0ld(k,5)
if{field0ld.le.pt)then
stateNew(k,3) = state0ld(k,3) + dpeeg
else if{field0ld.ge.pc)then
stateNew(k,4) = state0ld{k,4) + dpeeg
else
stateNew{k,5) = state0ld{k,5} + dpeeg
endif
c

EP 3 754 534 A1

statelNew(k,2) = peegliew

.

[0055] As noted above, embodiments utilize a relationship between the mesh geometric property and the material
property to modify the material property measurements or levels during the simulation. An embodiment determines the
relationship by performing a plurality of simulations using a plurality of mesh-based models having varying element
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types, geometric dimensions, material properties, and impact scenario properties. In turn, the results of these simulations
are analyzed using a machine learning analysis to identify material property corrections. FIG. 10 illustrates a method
1000 where simulations are performed using the inputs 1001 to generate the simulation results 1002. The method 1000
performs simulations 1003 using a mesh-based model with 5 mm size mesh elements and performs simulations 1004
using a mesh-based model with 25 mm size mesh elements. The results 1002 from these simulations 1003 and 1004
are then processed through a machine learning analysis to identify material property corrections as a function of the
mesh geometric properties (mesh size in this example). In particular, the machine learning analysis determines material
property corrections for which results from the simulations performed using a model with the 25 mm mesh size elements
would be the same as the results from a simulation performed with the 5 mm mesh size elements. In this way, going
forward, simulations can be performed using the 25 mm mesh, which will be much faster, while not compromising the
quality of the simulation results.

[0056] It is noted that while mesh size is described in relation to the method 1000 and the machine learning FIG. 10,
any variety of mesh geometric properties may be varied and the material properties may be modified in the same way
so as to correct for discretization errors caused by the variations in the geometric properties. Further, according to an
embodiment, a different relationship between mesh geometric properties and material properties is used for each physical
behavior being simulated. In such an embodiment, the method 1000 is performed to determine the relationship for every
different physics based phenomena, i.e., physical behavior, being simulated. For example, a relationship will be deter-
mined for shell mesh discretization and its effect on the vibration modes on the body in white structure, or between the
volume mesh discretization of the "jelly roll" battery cell and its impact on vibration modes and impact loads for electrical
cars. However, it is noted that embodiments are not limited to the specific models and scenarios covered by the machine
learning performed using the method 1000. In other words, a relationship between material properties and mesh geometric
properties determined for a given physical behavior using the method 1200 can be employed in any model simulation
for that given behavior carried out as described herein.

[0057] FIG. 11 illustrates a design of experiments data set 1100 that includes inputs 1101, 1102, 1103, 1104, and
1105 and results (output) 1106 generated using the input parameters 1101-1105 in a machine learning method, e.g.,
the method 1000 depicted in FIG. 10. The input parameters include material data 13101, geometry data 1102, material
softening data 1103, scenario data 1104, and mesh data 1105. Material data 1101 includes Young’s Modulus, Yield
Stress (stress during plastic deformation) and material density. The geometry 1102 of the test part includes a rectangular
tube of variable height, width, and thickness. The material softening parameters 1103 describe the modification of the
material property data curve. The scenario 1104 is described by various masses impacting the rectangular tube at
various velocities. The mesh geometry 1105 includes a description of the average mesh geometry on the tube. The
outputs 1106 (which are not all depicted in the data set 1100 of FIG. 11) include maximum axial deformation of the tube
for 5 mm and the maximum absorbed energy in the tube, as well as the differences between those values and the values
of the coarser 25 mm mesh. The results 1106 in the example data set 1100 were generated in about 2800 CPU hours
(500,000x20CPUs). A similar approach can be used for other mesh sizes such as 5 mm, 9 mm, 15 mm and 19 mm.
This data can then be combined and processed using dimensional reduction technique(s) in order to produce a material
correction model such that the errors in deformation and energy absorption are within 10%.

[0058] FIG. 12 is a simplified block diagram of a computer-based system 1200 that may be used to simulate a real-
world object according to any variety of the embodiments of the present invention described herein. The system 1200
comprises a bus 1203. The bus 1203 serves as an interconnect between the various components of the system 1200.
Connected to the bus 1203 is an input/output device interface 1206 for connecting various input and output devices
such as a keyboard, mouse, display, speakers, etc. to the system 1200. A central processing unit (CPU) 1202 is connected
to the bus 1203 and provides for the execution of computer instructions. Memory 1205 provides volatile storage for data
used for carrying out computer instructions. Storage 1204 provides non-volatile storage for software instructions, such
as an operating system (not shown). The system 1200 also comprises a network interface 1201 for connecting to any
variety of networks known in the art, including wide area networks (WANSs) and local area networks (LANSs).

[0059] It should be understood that the example embodiments described herein may be implemented in many different
ways. In some instances, the various methods and machines described herein may each be implemented by a physical,
virtual, or hybrid general purpose computer, such as the computer system 1200, or a computer network environment
such as the computer environment 1300, described herein below in relation to FIG. 13. The computer system 1200 may
be transformed into the machines that execute the methods described herein, for example, by loading software instruc-
tions into either memory 1205 or non-volatile storage 1204 for execution by the CPU 1202. One of ordinary skill in the
art should further understand that the system 1200 and its various components may be configured to carry out any
embodiments or combination of embodiments of the present invention described herein. Further, the system 1200 may
implement the various embodiments described herein utilizing any combination of hardware, software, and firmware
modules operatively coupled, internally, or externally, to the system 1200.

[0060] FIG. 13illustrates a computer network environment 1300 in which an embodiment of the present invention may
be implemented. In the computer network environment 1300, the server 1301 is linked through the communications
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network 1302 to the clients 1303a-n. The environment 1300 may be used to allow the clients 1303a-n, alone or in
combination with the server 1301, to execute any of the methods described herein. For nonlimiting example, computer
network environment 1300 provides cloud computing embodiments, software as a service (SAAS) embodiments, and
the like.

[0061] Embodiments or aspects thereof may be implemented in the form of hardware, firmware, or software. If imple-
mented in software, the software may be stored on any non-transient computer readable medium that is configured to
enable a processor to load the software or subsets of instructions thereof. The processor then executes the instructions
and is configured to operate or cause an apparatus to operate in a manner as described herein.

[0062] Further, firmware, software, routines, or instructions may be described herein as performing certain actions
and/or functions of the data processors. However, it should be appreciated that such descriptions contained herein are
merely for convenience and that such actions in fact result from computing devices, processors, controllers, or other
devices executing the firmware, software, routines, instructions, etc.

[0063] It should be understood that the flow diagrams, block diagrams, and network diagrams may include more or
fewer elements, be arranged differently, or be represented differently. But it further should be understood that certain
implementations may dictate the block and network diagrams and the number of block and network diagrams illustrating
the execution of the embodiments be implemented in a particular way.

[0064] Accordingly, further embodiments may also be implemented in a variety of computer architectures, physical,
virtual, cloud computers, and/or some combination thereof, and thus, the data processors described herein are intended
for purposes of illustration only and not as a limitation of the embodiments.

[0065] While example embodiments have been particularly shown and described, it will be understood by those skilled
in the art that various changes in form and details may be made therein without departing from the scope of the embod-
iments encompassed by the appended claims.

Claims
1. A computer-implemented method for performing a computer-based simulation, the method comprising:

obtaining a mesh-based model representing a real-world object, the mesh-based model composed of a plurality
of mesh elements each having geometric properties; and

performing a simulation of physical behavior of the real-world object using the mesh-based model, performing
the simulation including, for at least one mesh element of the plurality, modifying, as a function of the geometric
properties, material properties used to determine the physical behavior.

2. The method of Claim 1 further comprising:
automatically identifying a design change of the real-world object based on results of the performed simulation.

3. The method of Claim 2 further comprising:
automatically modifying the mesh-based model of the real-world object to correspond to the identified design change.

4. The method of Claim 3 wherein the performing the simulation, identifying the design change, and modifying the
mesh-based model are iterated automatically by a processor until an optimized design of the real-world object is

determined.

5. The method of Claim 1 wherein the mesh-based model is: a finite element model, a finite volume model, or a finite
difference method model.

6. The method of Claim 1 wherein the simulation is a finite element simulation.

7. The method of Claim 1 wherein performing the simulation includes computing physical behavior in at least one of:
a fluid domain, a structure domain, and an electromagnetic domain.

8. The method of Claim 1 wherein the real-world object is an automobile, an airplane, a boat, a jet-engine, a building,
a civil engineering structure, a reservoir, a thin wall metal shell, a real-world object that is subject to fluid flow, or a

human.

9. The method of Claim 1 wherein modifying the material properties as a function of the geometric properties includes
modifying a data curve dictating physics-based behavior given the geometric properties.
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The method of Claim 9 wherein the physical behavior is plastic compression and metal folding and the data curve
is a stress-strain curve.

The method of Claim 10 wherein, in performing the simulation, the stress-strain curve is modified for periods of time
in which the real-world object is undergoing the plastic compression behavior and the stress-strain curve is not
modified for periods of time in which the real-world object is not undergoing the plastic compression behavior.

The method of Claim 10 wherein, in performing the simulation, the modified stress-strain curve is applied to shell
elements of the mesh-based model.

The method of Claim 1 further comprising:

performing a plurality of simulations using a plurality of mesh-based models having varying geometric properties;
and

identifying material property modifications using a machine learning analysis of results from the plurality of
simulations.

The method of Claim 1 wherein the geometric properties include at least one of: a shell thickness, a vertex size, a
mesh edge size, a mesh face size, a mesh polygon size, and a mesh surface size.

The method of Claim 1 wherein modifying the material properties as a function of the geometric properties includes
modifying a value dictating material behavior given the geometric properties.

The method of Claim 15 wherein the physical behavior is fluid flow and the value is viscosity.

A system for performing a computer-based simulation, the system comprising:
a processor; and
a memory with computer code instructions stored thereon, the processor and the memory, with the computer
code instructions, being configured to cause the system to perform the method according to any one of claims
1to 16.

A computer program product for performing a computer-based simulation, the computer program product executed

by a server in communication across a network with one or more clients and comprising program instructions, which
when executed, cause the server to perform the method according to any one of claims 1 to 16.
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METHOD: TARGET ACCURACY

L=300mm
b=54mm
t=2mm

BEST ACCURACY IS NO
MORE THAN 5-10% ON

FORCES AND 3-5% ON
DISPLACEMENT FOR
SIMPLE GEOMETRIES
WITH 2mm MESHES
EXPERIMENT
5mls 55m/s
150\ kg 150\ kg
227 228

FIG. 2B
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330
o

OBTAIN A MESH-BASED MODEL REPRESENTING A

REAL-WORLD OBJECT, THE MESH-BASED MODEL [~ 331

COMPOSED OF A PLURALITY OF MESH ELEMENTS
FACH HAVING GEOMETRIC PROPERTIES

Y

PERFORM A SIMULATION OF PHYSICAL BEHAVIOR
OF THE REAL-WORLD OBJECT USING THE MESH- f~ 332
BASED MODEL, PERFORMING THE SIMULATION
INCLUDING, FOR AT LEAST ONE MESH ELEMENT
OF THE PLURALITY, MODIFYING, AS A FUNCTION
OF THE GEOMETRIC PROPERTIES OF THE MESH
ELEMENTS, MATERIAL PROPERTIES USED TO
DETERMINE THE PHYSICAL BEHAVIOR

FIG. 3
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147 CPUs 25mm CORRECTED MATERIALS
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4100 CPUs (27x) 5mm NO CORRECTIONS
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METHOD: VERY LARGE DOE SET

DATASET ~ 500K ENTRIES
EACH SIMULATION 9 - 30 CPUs
FOCUS ON 25mm MESH CASES

/1100
1101 1102 1103~ . 1104 1105
( Material (
material geometry softening  scenarioc  mesh
[IE lyeld]mo  |heignt]width |thicklcal | ca2 [cald||mass [velocity || |G_height|G_length [G_width
11210000 {700 {78E09(75 |76 |1 {005 |1 |1 |01 |15646 {1 |5 2 25 '
21210000 {700 [78E-09175 {75 |1 |007511 |1 {04 |-15646 |1 |25 2 25
31210000 {700 [78E-00175 {75 |1 {01 |1 |1 |01 |-15646 |1 |2 25 25
42100001700 178609175 175 |1 1042511 |1 |01 |-15646 |1 |25 Pid 25
512100001700 17809175 175 |1 1015 11 |1 |01 15646 |1 |25 Pl 5
61210000 {700 |78E09175 |75 |1 J0A75|1 |1 |01 |-15646 |1 |5 25 25
71210000 {700 |7.8E09175 |75 |1 102 |1 {1 101 |-15646 |1 |25 25 25
81210000 {700 |7.8E-09175 |75 |1 102511 1 101 |-15646 |1 | 25 25
91210000 {700 |78E091756 |75 |1 1025 11 {1 101 |-15646 |1 |5 25 25
101210000 1700 {78E09175 (75 11 1027511 {1 101 |-15646 |1 |5 2 25
111210000 {700 {78E-09(75 (75 11 103 |1 {1 101 |-15646 |1 |25 2 25
121210000 [700 {7.8E091875 {75 11 1005 {1 |1 101 |-15646 |2 [1875 |25 25
131210000 1700 {7.8E09 1875 (75 11 10075(1 {1 104 |-15646 [1 [1875 |2 25
141210000 1700 [78E091875 |75 11 {01 11 11 101 [-15646 |2 |18./75 |5 25
151210000 {700 {7.8E09 (875 {75 |1 10425{1 |1 101 |-15646 |2 [1875 |2 25
- outputs ~—~1106
|U3_5 V35 comp_lock | crash_U_ | Dekin Delstrain {DelU3 | DelV3 Ekin_2|
306814 1439966 | 02336  [-321.202 |57245 | -457778 [15478 |31827 |13C
305.814 1439966 |-012398 [-315821 1260337 | -442544 110007 | 82894 995
305.814 1439966 |-0.093 312444 1241995 |-236578 1663 7273 1997
305.814 1439966 |-0.163748 | -289823 |-H32/48 |-623354 |-15991 | 172867 | 202
305814 1439966 |0.071439 |-276044 1-508831 | -675828 |-29.77 | 629144 |26
b1 1306814 1430966 10033314 |-270.161 [-40580 | -H4688.1 |-35.653 | 380096 |32
L 305.814 1439966 |-000632 |-265988 |-471838 | 527749 [-3982 | 2881 |263
™ [ 305,814 1439966 10002222 |-261589 |-450%5 | 617664 |-44.205 |-1407.36 | 284
305,814 1439966 1002198 |-213082 193326 |-407119 [-92732 |-34807 |641
305.814 1439966 [0.0442% |-215954 113057 | -344365 [-8986 | -54019 |6C
305.814 1439966 10070064 |-202208 1-3%76 |-622419 {-103606 | 87862 |3
334.843 1652553 100032233 [-338135 168915 |30751 13292 | 71223 |93/
334.843 1652553 10.155419 | -326442 1144236 |-219501 |-8401 123064 |101
334843 1652553 1022203 | -317474 12012085 | -302554 |-17.369 | -29651 | 667
334.843 1652553 | 0126279 | -316.44 33073 | -B57421 1-18403 | 63199 538

FIG. 11
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